EPR spectra differing in hyperfine splitting have been reported for M n(II) ions in V,iV-Dimethylformamide (DMF) when using Mn(C104) 2 and MnCl2 . The difference in the reported spectra is shown to be due to the species MnCl420 by a mole ratio plot. The presence of MnCl® is also indicated by a mole ratio plot. Three basic spectra, differing in hyperfine splitting, are obtained for solutions of Mn (C104) 2 in DMF to which varying amounts of chloride ion have been added. A H 0 for the equilibrium reaction of the species Mn2® und MnCl® was determined from the variation of the formation constant, K c , with temperature over the range 25° to 116 °C. Values for AF° and Zl5° at 25 °C are also given.
M n (II) -chloro com plexes have been studied p re viously in aqueous solutions by spectrophotom etric 1, anion exchange 2, cation exchange 3, refractom e tric 4, p o la ro g ra p h ic 5, and E P R 6 m ethods, in w ater-alcohol m ixed solvents by EPR and ion-exch a n g e7, and in aceto nitrile, p ro p an e d io l-1,2-car b o nate and trim ethylp hosphate by spectrophotom etric, potentiom etric, and co n d u c to m e tric 8 m e thods. T he use of EPR spectroscopy to study ionic com plexes in solution has not been so widely used as oth er form s of ab so rp tio n spectroscopy, but is a useful technique fo r the study of com plex fo rm a tion involving tra n sitio n m etal ions since EPR spec tra are o btainable only fo r substances containing u n p aired electrons. Few studies of this n ature in n onaqueous solvents have been rep o rted , although S w a n s o n and L a u r i e 9 have investigated Iro n (III)-chloro com plexes by EPR in a n u m b er of organic solvents including A^/V -D im ethylform am ide (D M F ).
C h a n , F u n g and L u t j e 10 have investigated M n (II) com plexes including chloro com plexes in aceto- Zhur. Neorg. Khim. 3, 2420 [1958 . 5 S. T r ib a l a t and J. M. C a l d e r o , C . R. hebd. Seances Acad. Sei. 255,925 [1964] . 6 R. G. H a y e s and R. J. M y e r s , J. diem. Physics 40, 877 [1964] . n itrile while L e v a n o n an d L u z 11 have studied these com plexes in m ethanol.
The E P R spectrum of M n (II) ions in several nonaqueous solvents inclu d in g D M F has been the subject of two recent p u b lic a tio n s 12,13. In th eir study of the electron spin relax atio n in solvated M n (II) ions in D M F an d dim ethylsulf oxide (D M SO ), using M n(C 104) 2 , G a r r e t t an d M o r g a n 12 rep o rted the characteristic six line hyperfine spectrum fo r the M n (II) ion. L o h m a n n et a l. 13 using M nCl2 in these sam e solvents, rep o rted an E P R spectrum fo r M n (II) in which the two outer peaks were split to give an eig h t line spectrum and a reduction in intensity, which was attrib u ted to the influence of the m ethyl g ro u p s of the solvent m ole cules. The purpose of the presen t w ork is to show th at the difference in these rep o rted sp ectra is due to the fo rm atio n of M n (II) -chloro com plexes, and to dem onstrate the ap p licab ility of E P R spectro scopy to the study of such com plexes. D M F was the solvent chosen fo r this study since optical spectro-scop ic work by PFLAUM and POPOV14 indicated the presence o f M n ( I I ) -chloro com p lexin g.
E xperim ental
Materials. Mn (C104) 2 • 6 H20 , obtained from G. F.
Smith Chemical Company was dried under vacuum over P 2O5 before use. Anhydrous MnCl2 was pur chased from K & K Laboratories. The CsCl was opti cal grade powder from the Harshaw Chemical Com pany, and Mallinckrodt spectral grade DMF was used as received. Eastman tetramethylammonium chloride was used at high chloride concentrations. All other solvents were reagent grade.
Apparatus. A Varian V4500 100-kHz EPR spectro meter operating in the X-band region near 9.5 GHz was used. The sample tem perature was varied using a Varian V4547 variable tem perature accessory by which the sample tem perature could be held to ± 2 °C. The magnetic field sweep was calibrated using a HarveyWells proton resonance probe and frequency counter. Manganese concentrations were determined using a Perkin Elmer Model 303 atomic absorption spectro photometer.
Experimental Procedure. A stock solution of M n(C104) 2'6 H20 in DMF was prepared by weighing out the proper amount of solute into a volumetric flask and adding DMF to the mark. The concentration of M n(II) in solution was determined by atomic absorp tion analysis using MnCl2 as a standard. Depending on the amount of chloride ion desired, various quanti ties of CsCl or (CH3) 4NC1 were weighed into volu metric flasks to which a constant aliquot of the M n(C104) 2 solution was added. After the chloride was dissolved by heating, the solutions were allowed to cool and then diluted to the m ark with DMF. Using a syringe, a small quantity of each solution was with drawn, placed in a 1-mm. i.d. quartz capillary tube and sealed. The spectra were recorded as the first deri vative of the absorption curve. The peak height for each of the six peaks were taken to be the vertical distance between the maximum and the minimum am plitude of the derivative. 2,2-diphenyl-l-picrylhydrazyl was used as a reference to measure the g-values.
R esults and D iscussion
M n(C 104) 2 , when dissolved in D M F gave a clear, colorless solution. T he signal intensity in creased over the tem perature range 2 5 -116 C, and the line w idth of the fo u rth line from low field was found to decrease w ith increasing tem perature. The line w idth data are in good agreem ent w ith the data of Ga r r e t t and M o r g a n 12.
14 R. T. P f l a u m and A. I. P o p o v , Analytica chim. Acta [Amsterdam] 13, 165 [1955] . Experim entally, th ree different spectra (Fig. 1) were observed depending on the co n cen tratio n of added chloride. T he ap p earan ce of the spectrum as shown in Fig. 1 -A is obtain ed w hen chloride ion is absent, present at much less than, or even n ear a 1 : 1 ratio w ith M n ( I I ) , and ad d itio n of chloride converts it into 1-B, which is then converted into 1-C by fu rth er ad d itio n of chloride. It is evident th at 1-A is the spectrum of M n (II) and 1-C is the spectrum of a M n (II)-ch lo ro com plex, w hile 1-B is sim ply a m ixture of two species and is also the spectrum obtained w hen M nCl2 is dissolved in DM F. The appearance of the spectrum at very low chloride concentration shows little evidence of the com plex, but it is present as seen from the changing peak height of the spectra in Fig. 2 . T his decrease in peak height as evidence of the fo rm atio n of a com plex with M n (II) ions was used by A t k in s o n and B a u m a n n 15, and M c Gar v e y 16 to show the form ation of a com plex between M n (II) ions and pyridine in aqueous solution. T he E P R spectrum of a dilute solution of M n (C I0 4) 2 in DMF (1-A ) appears as six hyperfine lines due to coupling of the S = 5 /2 electron spin w ith the 1 = 5 /2 nuclear spin of the M n2® ion. The hyperfine coupling c o n stan t A is taken to be 95 gauss. T he species is M n (D M F )62® and is con sid ered octahedral due to sim ilarity of the spectrum of M n2® in w ater. F o r the M n (II)-c h lo ro com plex (1 -C ), a contrac tion of the spectrum is observed and the value of A is taken to be 80 gauss, the interval between the th ird an d fo u rth lines o f the spectrum . T his value of A is in good agreem ent w ith M nCl42® complexes in o th er so lv e n ts10,11. T h e sim plest explanation of the reduced value of A in the com plex is that the u n p aire d electrons are delocalized on to the chloride ions of the com plex a n d result in decreased in ter action w ith the Mn n u c le u s 1'. T hus the Mn hyper fine spacing is less th a n would be expected for no electron delocalization.
To ascertain the n a tu re of the com plex present in solution, the m ole ratio m e th o d 18 was used.
U sing this m ethod, tw o experim ents were carried out. In the first, the concen tratio n of the m anganese was held constant an d vary in g am ounts of chloride ion w ere added. The to ta l peak height for M n (II) p er u n it signal level w as plotted against the ratio m oles C l3/m oles M n ( I I ) . The source of the M n (II) was M n (C I0 4) 2 , since the perchlorate anion is v ir tually noncom plexing. T he chloride was introduced 17 B. B l e a n e y , K. D. Table 2 . EPR data for M n(II) in A,AT -Dimethylformamide at constant chloride concentration a at 25 °C. a CsCl at 1.42 x 10 -3 M in each case.
data from this system. T he data for these systems are presented in T ables 1 and 2. In previous in vestigations of chloride com plexes of M n ( I I ) , the M nC l0 ion has been show n to exist in w ater-alcohol m ixed solvents 7 as well as in aqueous solution 3. S t e w a r t and W e a r 19 have observed the MnCl® species in D M F spectrophotom etrically. A ny species w ith one-three chlorides attached to the M n (II) ap p aren tly are unsym m etrical, and therefore, do not p roduce an E P R spectrum . The M nCl420 species has cubic sym m etry which accounts for the n arro w in g of the line w idth. T his com plex w ould be expected to have a hig h er intensity n , but it apparently is never the only species. T he con tinuous increase in intensity to [C le ] /[ M n 2® ]^7 .0 also indicates m ore and m ore M nCl42® is being fo r med from low er chloro species. In other solvents, the intensity has been hig h er than th at of the p e r chlorate s o lu tio n 10,11.
T h erm o d yn a m ic Data. O nly the M nC l0 species wT as studied as a function of tem perature because of difficulties of w orking at hig h er chloride co n cen tra tions. The data at h igher chloride concentratio n was also less reliable than the region n ea r a 1 : 1 ratio
The reactio n of M n2® w ith Cl® in D M F at low er [M n2®]/[C1®] is postulated as follow s:
Mn2® + Cl® ^ MnCl®.
(1)
The M n2< and MnCl® species presum ab ly con tain solvent m olecules in the first coord in atio n sphere. The eq u ilib riu m constant for the above re action is given by
w here the activity coefficients have been assum ed to be n ear unity, in view of the low ionic stren g th of the solutions. ( / /^0 . 0 2 fo r a ratio below 3.) D eterm ination of the M n (II) concentrations from the E P R spectra were based on the intensity of the uncom plexed M n (II) signal. A lthough the hyperfine com ponents of the M n (II) spectrum are not exactly L orentzian in shape, th eir intensities may be considered p ro p o rtio n al to the height of the d e ri vative curve tim es the sq uare of its w idth. Since a num ber of the observed E P R spectra in this study are due to m ore than one param agnetic species, the individual line w7idths cannot be m easured. H ow ever, the intensity as m easured by sum m ing the 19 S . S t e w a r t and J. 0 . W e a r (unpublished).
heights of the six hyperfine lines gave a lin ear plot against concentration over the ra n g e of 1 X 10 3 to 7 . 2 x 1 0 -3 m a t each tem p eratu re used in this study. The uncom plexed M n (II) concentrations were read directly fro m each c a lib ra tio n plot. By calib ratin g in this m anner, we h av e com pensated fo r line w idth v aria tio n due to tem p eratu re ; how ever, intensity m easurem ents of th is sort on the sam ple solutions could be affected by line w idth v ariatio n due to added C l3 , en h an cin g the e rro r in determ ining the M n (II) co n cen tratio n s. H a y e s and g-values. The g-values for M n2® an d MnCl® in DM F were determ ined to be the sam e w ithin ex-
